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'HYHORSLQJ µVPDUW¶ PHPEUDQHV WKDW DOORZ SUHFLVH DQG UHYHUVLEOH FRQWURO RI PROHFXODU
SHUPHDWLRQXVLQJH[WHUQDOVWLPXOLZRXOGEHRI LQWHQVH LQWHUHVW IRUPDQ\DUHDVRIVFLHQFH
IURP SK\VLFV DQG FKHPLVWU\ WR OLIHVFLHQFHV ,Q SDUWLFXODU HOHFWULFDO FRQWURO RI ZDWHU
SHUPHDWLRQWKURXJKPHPEUDQHVLVDORQJVRXJKWREMHFWLYHDQGLVRIFUXFLDOLPSRUWDQFHIRU
KHDOWKFDUH DQG UHODWHG DUHDV &XUUHQWO\ VXFK DGMXVWDEOH PHPEUDQHV DUH OLPLWHG WR WKH




WKLFN JUDSKHQH R[LGH *2 PHPEUDQHV %\ FRQWUROODEOH HOHFWULF EUHDNGRZQ²FRQGXFWLYH
ILODPHQWVDUHFUHDWHG LQ WKH*2PHPEUDQH 7KHHOHFWULF ILHOGFRQFHQWUDWHGDURXQGVXFK
FXUUHQWFDUU\LQJILODPHQWVOHDGVWRFRQWUROODEOHLRQLVDWLRQRIZDWHUPROHFXOHVLQJUDSKHQH
FDSLOODULHV DOORZLQJ SUHFLVH FRQWURO RI ZDWHU SHUPHDWLRQ IURP XOWUDIDVW SHUPHDWLRQ WR











DOORZLQJ IDVW DQG UHOLDEOH UHVSRQVH DQG HDV\ LQWHJUDWLRQ LQWR PRUH FRPSOH[ V\VWHPV 3UHYLRXV
DWWHPSWVWRFRQWUROZDWHUSHUPHDWLRQWKURXJKPHPEUDQHVPDLQO\SRO\PHULFZHUHFRQFHQWUDWHG
RQPRGXODWLQJWKHPHPEUDQHVWUXFWXUHDQGSK\VLFRFKHPLFDOSURSHUWLHVRIWKHPHPEUDQHVXUIDFH
E\ YDU\LQJ WKH S+ WHPSHUDWXUH DQG LRQLF VWUHQJWK )XUWKHU HOHFWULFDOO\ FRQWUROOHG ZDWHU
SHUPHDWLRQKDVEHHQGLVFXVVHGLQQXPHURXVWKHRUHWLFDODQGPROHFXODUG\QDPLF0'VLPXODWLRQ




WUDQVSRUW ,Q SDUWLFXODU *2 PHPEUDQHV FRQWDLQLQJ ' JUDSKHQH FDSLOODULHV H[KLELW XOWUDIDVW
SHUPHDWLRQRIZDWHUDQGXQLTXHPROHFXODUVLHYLQJSURSHUWLHVZLWKWKHSRWHQWLDOIRULQGXVWULDO
VFDOH SURGXFWLRQ ,Q WKLV UHSRUW ZH VWXG\ HOHFWULFDO HIIHFWV RQ ZDWHU SHUPHDWLRQ WKURXJK *2
PHPEUDQHVDQGGHPRQVWUDWHWKDWZDWHUIOX[WKURXJKVXFKPHPEUDQHVFDQEHFRQWUROOHGRYHUD
ZLGHUDQJHE\DQDSSOLHGHOHFWULFILHOG
2XU GHYLFHV DUH HVVHQWLDOO\ *2 PHPEUDQHV ZLWK PHWDO HOHFWURGHV RQ ERWK VLGHV 6XFK
PHWDO*2PHWDOVDQGZLFKVWUXFWXUHVZHUHIDEULFDWHGE\GHSRVLWLQJDWKLQ§QPJROG$XILOP
RQ WRS RI WKH *2 PHPEUDQH SUHSDUHG RQ D SRURXV VLOYHU $J VXEVWUDWH 0HWKRGV DQG
VXSSOHPHQWDU\)LJDQG6XFKDWKLQOD\HURIJROGLVVXIILFLHQWO\SRURXVDQGGRHVQRWFKDQJH
WKH SHUPHDWLRQ SURSHUWLHV RI WKH PHPEUDQHV )LJXUHV D E VKRZ D VFKHPDWLF DQG DQ RSWLFDO
SKRWRJUDSKRIRXUPHPEUDQHGHYLFH7KHVHVDQGZLFKVWUXFWXUHVZHUHJOXHGRQWRDSODVWLFGLVF
ZLWKDFLUFXODUDSHUWXUHaPPGLDPHWHUDQGWKHQXVHGWRVHDODZDWHUILOOHGVWHHOFRQWDLQHUWR





















WKH EURZQ OD\HUV UHSUHVHQW *2 VKHHWV 7KH GRWWHG OLQH VKRZV D SRVVLEOH SDWKZD\ IRU ZDWHU SHUPHDWLRQ  E IV















$IWHU WKH FRQWUROODEOH EUHDNGRZQ WKH IV FKDUDFWHULVWLFV H[KLELW QHDUO\ RKPLF EHKDYLRXU DQG
VXJJHVWWKHDSSHDUDQFHRISHUPDQHQWHOHFWULFDOO\FRQGXFWLYHFKDQQHOV)LJE+RZHYHUWKHLQ
SODQHIVPHDVXUHPHQWVGRQRWVKRZDQ\VLJQLILFDQWFKDQJHLQFRQGXFWLYLW\ZKHQFRPSDUHGWRWKH
SULVWLQH VDPSOHV VXSSOHPHQWDU\ )LJ  8QOLNH LQSODQH FRQGXFWLYLW\ WKH RXWRISODQH


FRQGXFWLYLW\ ZDV IRXQG WR EH VWDEOH DQG LQVHQVLWLYH WR WKH KXPLGLW\ RI WKH HQYLURQPHQW
VXSSOHPHQWDU\ )LJ  7KLV FRQILUPV WKH IRUPDWLRQ RI FRQGXFWLQJ ILODPHQWV HJ FDUERQ































RI DGGLWLRQDO H[SHULPHQWV )LUVW ZH SHUIRUPHG HOHFWULFDOO\ FRQWUROOHG ZDWHU SHUPHDWLRQ




LV WKH FUXFLDO IDFWRU LQ FRQWUROOLQJ ZDWHU SHUPHDWLRQ 6HFRQG ZH SHUIRUPHG ZDWHU SHUPHDWLRQ
H[SHULPHQWVXVLQJPHPEUDQHVZLWKWKHVDPHSHUPHDWLRQDUHDEXWDGLIIHUHQWWKLFNQHVVDQG
P 7KH GHFUHDVH LQ ZDWHU SHUPHDWLRQ UDWH ZDV IRXQG WR EH QHDUO\ LGHQWLFDO IRU WKH VDPH
PDJQLWXGHRIHOHFWULFFXUUHQWSDVVLQJWKURXJKPDQGPWKLFNPHPEUDQHVVXSSOHPHQWDU\




















 DQG  FP 7KH EDQG DW a FPí LV DVVLJQHG WR WKH GHIRUPDWLRQ YLEUDWLRQ RI
DGVRUEHGZDWHUPROHFXOHVDQGWKHEDQGDWaFPí LVGXH WR WKHFDUERQ\O& 2VWUHWFKLQJ
PRGHRIWKHFDUER[\OLFJURXSLWVHOI7KHEURDGEDQGEHWZHHQWRFPíLVGXHWRWKH




































JUDSKHQH FDSLOODULHV GHFUHDVHV ZLWK LQFUHDVLQJ FRQFHQWUDWLRQ RI K\GURQLXP DQG K\GUR[\O LRQV








WKHRUHWLFDO HIIRUWV DUH QHHGHG IRU D PRUH GHWDLOHG DQG WKRURXJK XQGHUVWDQGLQJ RI WKH H[DFW







)DEULFDWLRQ RI PHWDO*2PHWDO VDQGZLFK PHPEUDQHV DQG HOHFWULFDO PHDVXUHPHQWV *2
DTXHRXV GLVSHUVLRQV IODNH VL]H RI §  P ZHUH SUHSDUHG DV UHSRUWHG HDUOLHU IURP WKH





XVLQJ 6W\FDVW  HSR[\ UHVLQ RQWR WKH SRO\HWK\OHQH WHUHSKWKDODWH 3(7 ILOPV VWHS  LQ
VXSSOHPHQWDU\)LJZLWKDFLUFXODUDSHUWXUHGLDPHWHURIaFPEHIRUHHYDSRUDWLQJDWKLQJROG
ILOPaQPDVWKHWRSHOHFWURGHVWHSLQVXSSOHPHQWDU\)LJDQGVXSSOHPHQWDU\)LJWR
DOORZ DQ HOHFWULF SRWHQWLDO WR EH DSSOLHG DFURVV WKH PHPEUDQH +HUH WKH 3(7 ILOP SUHYHQWV
HOHFWULFDO VKRUWLQJ EHWZHHQ WKH WRS DQG ERWWRP HOHFWURGHV LQ WKH PHWDO*2PHWDO VDQGZLFK
PHPEUDQHVWUXFWXUHV)LQDOO\WKHVHVWUXFWXUHVZHUHJOXHGRQWRDQRWKHUSODVWLFGLVFDVVKRZQLQ














,QVLWX ,5PHDVXUHPHQWV:HKDYHXVHG in-situ ,5DEVRUSWLRQ VSHFWURVFRS\ WRPRQLWRU DQ\
FKHPLFDO FKDQJHV LQ WKH *2 PHPEUDQHV GXULQJ YROWDJH F\FOLQJ 7KH ,5 PHDVXUHPHQWV ZHUH
SHUIRUPHGLQWUDQVPLVVLRQJHRPHWU\W\SLFDOO\VFDQVSHUORRSE\HPSOR\LQJ9(57(;
%UXNHU )7,5 VSHFWURPHWHU DQG +<3(5,21 0LFURVFRSH XVLQJ D 0&7 PHUFXU\ FDGPLXP
WHOOXULGHOLTXLG1FRROHGGHWHFWRUZLWKDPLUURURSWLFDOYHORFLW\RIFPVDWDUHVROXWLRQRI












' 'LVFRYHU DGYDQFHG ;5' V\VWHP &X .Į Ȝ    QP WR SHUIRUP WKLV H[SHULPHQW $
KRPHPDGH;5'VDPSOHKROGHUZDVGHVLJQHGWRKROGDIHZPLOOLOLWHUVRIZDWHUEHQHDWKWKH*2
PHPEUDQH SURYLGLQJ D FRQWLQXRXV VRXUFH RI PRLVWXUH WR NHHS WKH PHPEUDQH DW  5+
PLPLFNLQJ WKH ZDWHU SHUPHDWLRQ H[SHULPHQWV 7KH LQWHUOD\HU VSDFLQJ d ZDV FDOFXODWHG XVLQJ
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6XSSOHPHQWDU\ )LJ _ ,QIOXHQFH RI KXPLGLW\ RQ FRQGXFWLQJ ILODPHQW IRUPDWLRQ IV




,W LV NQRZQ WKDW LQ WKH SUHVHQFH RI PRLVWXUH RQ WKH VXUIDFH RI DQ LQVXODWRU WKH IRUPDWLRQ RI
SHUPDQHQWFRQGXFWLQJSDWKVXVXDOO\FDUERQRFFXUVDFURVVWKHVXUIDFHRIWKHLQVXODWRUNQRZQDV
WUDFNLQJ7KH WUDFNLQJ SKHQRPHQRQ LV FRPPRQ LQ RUJDQLF GLHOHFWULFV DQGEHWZHHQ OD\HUV RI
EDNHOLWHRUVLPLODUGLHOHFWULFVPDGHRIODPLQDWHV&RQVLVWHQWZLWKWKLVZHIRXQGWKDWFRQGXFWLQJ
ILODPHQWIRUPDWLRQLQ*2PHPEUDQHVLVDOVRKLJKO\VHQVLWLYHWRWKHKXPLGLW\RIWKHHQYLURQPHQW
VXJJHVWLQJ WKH RFFXUUHQFH RI WKH WUDFNLQJ SKHQRPHQRQ 6XSSOHPHQWDU\ )LJ  VKRZV WKH IV
FKDUDFWHULVWLFVRIWKH*2PHPEUDQHVDWGLIIHUHQWUHODWLYHKXPLGLW\LQWKHILUVWYROWDJHVZHHS7KH
VDPSOH H[SRVHG WR ]HUR KXPLGLW\ GLG QRW VKRZ DQ\ HYLGHQFH RI WKH IRUPDWLRQ RI HOHFWULFDOO\
FRQGXFWLQJ ILODPHQWV HYHQXS WR 9 FRQILUPLQJ WKHKLJK GLHOHFWULF VWUHQJWKRI*2 LQ DGU\




































VFDQQLQJ HOHFWURQ PLFURVFRS\ 6(0 HQHUJ\ GLVSHUVLYH ;UD\ ('; VSHFWURVFRS\ 5DPDQ
VSHFWURVFRS\DQG;UD\SKRWRHOHFWURQVSHFWURVFRS\;367KH6(0LPDJHRIDFRQGXFWLQJ*2




5DPDQ VSHFWUD RI WKH *2 VDPSOHV ZHUH FROOHFWHG XVLQJ +25,%$
V ;SOR5$ 3/86 5DPDQ
VSHFWURPHWHUZLWKDQOLQHVPPJUDWLQJDQGQPODVHUH[FLWDWLRQDWDSRZHURIP:
DQGDVSRWVL]HRIQP6XSSOHPHQWDU\)LJEDQGFVKRZWKH5DPDQIDI*PDSSLQJIRUD
SULVWLQH *2 PHPEUDQH DQG D *2 PHPEUDQH FORVH WR WKH SRVLWLYH HOHFWURGH ZLWK FRQGXFWLQJ
ILODPHQWVFRQGXFWLQJ*2PHPEUDQH7KHUDWLRI'I* LVFDOFXODWHGIURPWKH LQWHQVLW\RI WKH'







5DPDQPDSSLQJVKRZLQJ WKH LQKRPRJHQHRXV I'I*UDWLR LV VKRZQ LQ VXSSOHPHQWDU\)LJF$






























6XSSOHPHQWDU\ )LJ _ &RQGXFWLQJ FDUERQ ILODPHQWV LQ D *2 PHPEUDQH D 6FKHPDWLF
VKRZLQJWKHVWUXFWXUHRIFRQGXFWLQJFDUERQILODPHQWVLQWKH*2PHPEUDQH7RSRJUDSK\DQGWKH











ZDVH[IROLDWHG WRYDOLGDWH WKHSUHVHQFHRI ILODPHQWV DQGSULVWLQH*2PHPEUDQHZDVXVHGDVD
UHIHUHQFH%RWKWKHSULVWLQHDQGFRQGXFWLQJ*2PHPEUDQHVZHUHH[IROLDWHGRQ&U$XWKLQILOP
QPQPGHSRVLWHGRQD6LVXEVWUDWH7KLVVHWXSIDFLOLWDWHVWKHDSSOLFDWLRQRIDFRQVWDQW'&ELDV
EHWZHHQ WKH VDPSOH DQG WKH$)0 SUREH LQ 3) 781$ PRGH 7KH FXUUHQWSDVVLQJ WKURXJK WKH
VDPSOHEHWZHHQWKH&U$XWKLQILOPDQGWKH$)0SUREHLVPHDVXUHGXVLQJDFXUUHQWVHQVRUZKHQ





H[IROLDWHGRQ WKH&U$XGHSRVLWHG6L VXEVWUDWH7KHLUFRUUHVSRQGLQJ781$FXUUHQW LPDJHVDUH
VKRZQLQVXSSOHPHQWDU\)LJFDQGH7RSRJUDSK\RIERWKWKHPHPEUDQHVLQWKHKHLJKWLPDJHV
GLGQRW VKRZ DQ\ VLJQLILFDQW GLIIHUHQFH DQG WKH PHDVXUHG WKLFNQHVV RI PHPEUDQHV ZDV YDULHG








































6XSSOHPHQWDU\ )LJ _ ;UD\ SKRWRHOHFWURQ VSHFWURVFRS\ ;36 FKDUDFWHUL]DWLRQ RI *2
PHPEUDQHVD;36VSHFWUXPIURPDSULVWLQH*2PHPEUDQHEDQGF;36VSHFWUDIURP*2







DFTXLUHG IURPDQ LQQHU VXUIDFHRI WKHPHPEUDQH DQGD VXUIDFH FORVH WR WKHSRVLWLYH HOHFWURGH
UHVSHFWLYHO\$PHPEUDQHVXUIDFHIURPFORVHWRWKHHOHFWURGHZDVREWDLQHGE\UHPRYLQJWKHVLOYHU
HOHFWURGHWKURXJKPHFKDQLFDOSHHOLQJDQGWKHQFOHDYLQJWKHPHPEUDQHXVLQJVFRWFKWDSHWRUHYHDO













(OHFWULFDO FRQWURO RI ZDWHU SHUPHDWLRQ WKURXJK *2 PHPEUDQHV ZDV DOVR SUREHG XVLQJ PDVV
VSHFWURPHWU\06VFKHPDWLFDOO\VKRZQLQVXSSOHPHQWDU\)LJD+HUHD$X*2$JVDQGZLFK
VWUXFWXUH ZDV SODFHG EHWZHHQ WZR UXEEHU 2ULQJV LQ D FXVWRP PDGH SHUPHDWLRQ FHOO
VXSSOHPHQWDU\)LJD&RSSHUOHDGVIURPWKHWRSDQGERWWRPHOHFWURGHVZHUHFRQQHFWHGWRD
VRXUFHPHWHUYLDDQHOHFWULFDOIHHGWKURXJK7KHSHUPHDWHVLGHSUHVVXUHZDVPDLQWDLQHGDWEDU







GLIIHUHQW FXUUHQW WKURXJK WKH PHPEUDQH 1R DSSUHFLDEOH FKDQJH LQ KHOLXP SDUWLDO SUHVVXUH LV
REVHUYHGGXULQJYROWDJHF\FOLQJLQGLFDWLQJWKDWWKHFRQGXFWLQJ*2PHPEUDQHVDUHLPSHUPHDEOH
WRKHOLXPDVUHSRUWHGEHIRUH7KLVDOVRFRQILUPVWKDWWKHPHPEUDQHVDUHQRWGDPDJHGE\WKH
DSSOLFDWLRQ RI HOHFWULF ILHOGV 6XSSOHPHQWDU\ )LJV E DQG F VKRZ WKDW P+2 GHFUHDVHV ZLWK
LQFUHDVLQJFXUUHQWWKURXJKWKHPHPEUDQHVXJJHVWLQJDGHFUHDVHRIZDWHUSHUPHDWLRQWKURXJKWKH
*2 PHPEUDQH ZLWK LQFUHDVLQJ FXUUHQW 7KLV LV FRQVLVWHQW ZLWK WKH JUDYLPHWULF PHDVXUHPHQWV
UHSRUWHG LQ WKH PDLQ WH[W $GGLWLRQDOO\ WKH ODFN RI DQ\ VLJQLILFDQW FKDQJH LQ + RU 2 SDUWLDO




6XSSOHPHQWDU\ )LJ _ 0DVV VSHFWURPHWU\ IRU SURELQJ HOHFWULFDOO\ FRQWUROOHG ZDWHU
SHUPHDWLRQD6FKHPDWLFRIWKHH[SHULPHQWDOVHWXSIRUPDVVVSHFWURPHWU\06PHDVXUHPHQWV
$WKURWWOHYDOYH79FRQWUROVWKHJDVLQOHWZLWKDFDSDFLWDQFHJDXJH&*XVHGWRPHDVXUHWKH
XSVWUHDP SUHVVXUH $Q LVRODWLRQ YDOYH ,9 LVRODWHV XSVWUHDP DQG GRZQVWUHDP VLGHV RI WKH
PHPEUDQH$URWDU\SXPS53HYDFXDWHVWKHIHHGDVZHOODVWKHSHUPHDWHVLGHWRPEDU7KH










7R XQGHUVWDQG WKH LQIOXHQFH RI ERWK YROWDJH DQG FXUUHQW ZH SHUIRUPHG HOHFWULFDOO\ FRQWUROOHG




IRXU WLPHV VPDOOHU 7KLV VXJJHVWV WKDW FXUUHQW GHQVLW\ FRQWUROV ZDWHU SHUPHDWLRQ WKURXJK WKH
PHPEUDQH 7KH LQIOXHQFH RI FXUUHQW RQ WKH SHUPHDWLRQ FDQ EH IXUWKHU VHHQ LQ WKH H[SHULPHQW












IXQFWLRQ RI WKH FXUUHQW WKURXJK *2 PHPEUDQHV ZLWK WZR GLIIHUHQW WKLFNQHVVHV DQG WKH



























 ׏\r,z          

7KHERXQGDU\FRQGLWLRQVIRUWKHDERYHVFHQDULRDUH\(r,z) = -Jz/V DQG \z E0 -J/VZKHQr 















HOHFWULF SRWHQWLDO\(r,z) GHFD\V WR ]HUR DW VRPH DUELWUDU\ UDGLDO GLVWDQFH b IURP WKH ILODPHQW
&RQVLGHULQJb QPVLQFHWKHDYHUDJHVHSDUDWLRQEHWZHHQFRQGXFWLYHILODPHQWVLVaPPDV
GHWHUPLQHGE\WKH5DPDQPHDVXUHPHQWVDQGDVVXPLQJa  QPIURP3)781$LPDJLQJWKH

























5DQGRP IOXFWXDWLRQV LQ PROHFXODU PRWLRQ DUH NQRZQ WR RFFDVLRQDOO\ SURGXFH DQ HOHFWULF ILHOG
VWURQJHQRXJKWRGLVVRFLDWHZDWHUNQRZQDVDXWRLRQL]DWLRQLQWRK\GUR[LGH2+íDQGK\GURQLXP
+2 LRQV ,RQV SURGXFHG LQ WKLV PDQQHU UHFRPELQH YHU\ TXLFNO\ EHFDXVH PROHFXODU
IOXFWXDWLRQVYDQLVKZLWKLQWHQVRISLFRVHFRQGV,WLVDOVRNQRZQWKDWDKLJKH[WHUQDOHOHFWULFILHOG













DFWLYDWLRQ HQHUJ\ RULJLQDWHV IURP WKH DERYH PHQWLRQHG UDQGRP IOXFWXDWLRQV LQ WKH PROHFXODU





7R XQGHUVWDQG WKH LQIOXHQFH RI GLVVRFLDWLRQ RI ZDWHU RQ WKH ZDWHU IORZ WKURXJK WKH JUDSKHQH
FDSLOODULHVLQWKH*2PHPEUDQHVZHSHUIRUPHGQRQHTXLOLEULXPPROHFXODUG\QDPLFVLPXODWLRQV








-RQHV/-SDLUSRWHQWLDOVıC NFDOPROİC cıH3O+ NFDOPROİH3O+ 
 cıOH NFDOPRODQGİOH-  cDQGFURVV/-SRWHQWLDOSDUDPHWHUVZHUH
REWDLQHGE\ WKH/RUHQW]%HUWKHORWFRPELQLQJUXOHV7KHFXWRII UDGLXV IRU WKH/-SRWHQWLDOZDV
FKRVHQ DW  c 7KH 197 HQVHPEOH 1RV¶H+RRYHU WKHUPRVWDW ZDV XVHG WR FRQWURO WKH
WHPSHUDWXUH IRU ERWK QRQULJLG DQG ULJLG PROHFXOHV DW URRP WHPSHUDWXUH $ SDUWLFOHSDUWLFOH
SDUWLFOHPHVK SSSPZDVXVHG WRFRPSXWH WKH ORQJUDQJH&RXORPE LQWHUDFWLRQZLWKDGHVLUHG

















6XSSOHPHQWDU\ )LJ D VKRZV WKH VLPXODWLRQ ER[ ZKLFK FRQWDLQV WZR FRPSDUWPHQWV WKDW DUH
FRQQHFWHGE\DJUDSKHQHFDSLOODU\RIKHLJKWc3HULRGLFERXQGDU\FRQGLWLRQVZHUHDSSOLHGDORQJ




















PDNLQJ WKHFKDQQHOPRUHK\GURSKLOLF7KHVHHIIHFWVZHUHQRW LQFOXGHG LQ WKH0'VLPXODWLRQV
1HYHUWKHOHVV RXU 0' VLPXODWLRQV VXJJHVW WKDW WKH GLVVRFLDWHG ZDWHU PROHFXOHV LQVLGH WKH
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